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Experimental investigation of interfacial energy transport in an evaporating sessile droplet for
evaporative cooling applications
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In this paper we experimentally examine evaporation flux distributions and modes of interfacial energy transport
for continuously fed evaporating spherical sessile water droplets in a regime that is relevant for applications,
particularly for evaporative cooling systems. The contribution of the thermal conduction through the vapor phase
was found to be insignificant compared to the thermal conduction through the liquid phase for the conditions we
investigated. The local evaporation flux distributions associated with thermal conduction were found to vary along
the surface of the droplet. Thermal conduction provided a majority of the energy required for evaporation but did
not account for all of the energy transport, contributing 64 ± 3%, 77 ± 3%, and 77 ± 4% of the energy required
for the three cases we examined. Based on the temperature profiles measured along the interface we found that
thermocapillary flow was predicted to occur in our experiments, and two convection cells were consistent with
the temperature distributions for higher substrate temperatures while a single convection cell was consistent with
the temperature distributions for a lower substrate temperature.
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I. INTRODUCTION

The evaporation of sessile droplets has applications in a
number of different fields, including inkjet printing [1,2],
biosensing [3], DNA mapping [4,5], medical diagnosis [6],
microfluidic devices for on chip synthesis [7], nanofiber
sorting by self-organization [8], surface coating [9–13],
painting [14,15], and of particular interest in this study, for
evaporative cooling technology [16]. The evaporation phase
change process requires a substantial amount of latent heat,
which can be harnessed for cooling applications where a large
amount of heat removal is required in a limited space. An ex-
ample of evaporating sessile droplets used for cooling is found
in nature with the human perspiration system, where sweat
droplets evaporate on warm skin and provide a cooling effect to
regulate body temperature in situations when conduction and
convection from the skin surface are insufficient. Evaporative
cooling applications, along with many practical applications of
evaporating sessile droplets, typically operate at atmospheric
pressure and temperatures in the range of 20–80 ◦C, and to
maintain steady droplets on a surface we require that droplets
are continuously fed from below. A number of studies have
investigated phenomena associated with evaporating sessile
droplets including (i) distribution of the evaporation flux
along the interface [14,17–21] and (ii) modes of interfacial
energy transport [22,23]; however, many of these studies were
not undertaken at conditions relevant to evaporative cooling
technology and instead used low pressures and low temper-
atures and/or droplets that were not continuously fed from
below and experienced a significant change in shape as they
were depleted (drying droplets). Evaporation is an interfacial
phenomenon that is sensitive to the shape of the interface and
the pressure and temperature conditions at the interface. It
has not yet been determined if results from previous work
are artifacts of the low pressure and temperature conditions
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and the change in shape. In this study we aim to address
the question of whether or not observations made regarding
the evaporation flux distribution and the modes of interfacial
energy transport are valid for continuously fed spherical
droplets in the regime that evaporative cooling technology,
and other applications, operate in (atmospheric pressure and
temperatures of 20–80 ◦C), and to determine if they impact
the evaporation behavior of sessile droplets in this regime.

In order to design effective evaporative cooling systems
using evaporating sessile droplets, we require evaporation rates
that are as high as possible for a given set of conditions.
The evaporation flux has been found to fluctuate substantially
along the droplet surface and a commonly used distribution
for drying droplets is that reported by Deegan et al. [14,24]
and later adapted by Hu and Larson [17], with the rate
correlating to the shape of the droplet, particularly the
contact angle. A number of studies have found the flux to
fluctuate according to the availability of the energy required
for evaporation [18,19,22]. Correspondingly, the three-phase
contact line has been found to have the highest evaporation flux
values for heated substrates due to the close proximity of the
heat source, and conversely the apex has been found to have the
lowest evaporation flux values [14,17,18,22,25,26]. It has been
predicted that spherical droplets (with a contact angle of 90◦)
will have a uniform evaporation flux along their interface [17];
however, since both the shape and proximity to the three-phase
contact line influence the evaporation flux, it remains unclear
what the distribution of the evaporation flux will be along the
interface of a continuously fed spherical droplet. The question
we address is whether or not the evaporation flux is constant
along the interface of a continuously fed spherical droplet
in the regime relevant to evaporative cooling technology or
whether the evaporation flux is higher closer to the three-phase
contact line. In the quest to increase evaporation rates, a clear
understanding of the evaporation flux distribution along the
droplet surface is valuable to enable targeted enhancements.

Evaporation is an interfacial phenomenon that requires
energy to convert the liquid phase to the vapor phase, and thus

2470-0045/2017/95(1)/012609(8) 012609-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevE.95.012609


MD. ALMOSTASIM MAHMUD AND BRENDAN D. MACDONALD PHYSICAL REVIEW E 95, 012609 (2017)

energy must be transported to the interface of an evaporating
sessile droplet for evaporation to occur at that location. A
number of studies have investigated different modes of energy
transport involved in the evaporation of sessile droplets. Girard
et al. [23] found that accounting for the energy conducted
through the liquid phase was sufficient to estimate the evap-
oration rate and the contributions from conduction through
the vapor phase and internal convection were negligible
for a millimeter-sized spherical cap drying water droplet at
atmospheric pressure with a substrate temperature range of
30–50 ◦C. It has been reported that for the evaporation of
a spherical interface of water under low pressures (247 to
776 Pa) and low temperatures (−12–5 ◦C), thermocapillary
convection contributes to the energy transport [27] and the
contribution of thermocapillary flow was quantified by a new
term called the surface thermal capacity [28,29]. In another
study, with a millimeter-sized spherical cap water droplet
under low pressures (650–770 Pa) and low temperatures (1–
3 ◦C) [22], it was found that the contributions from conduction
through the bulk liquid and vapor phase were small and
thermocapillary convection contributed as much as 98% of
the total energy required for evaporation. Sobac and Brutin
observed thermocapillary flow in a drying ethanol droplet on
a heated substrate (25–75 ◦C) at atmospheric pressure and
found that it contributed to the energy transport [30] and that
thermal-linked mechanisms become increasingly important
with increasing substrate temperature [31]. These studies
indicate that the contribution of a particular energy transport
mode is not consistent under different experimental conditions
and we lack an understanding of the energy transport modes
in the regime relevant to evaporative cooling applications.
The question that arises from the literature is which energy
transport modes are significant for continuously fed spherical
droplets in the regime that evaporative cooling technology
operates in. Understanding which energy transport modes
are significant will inform future work that aims to improve
the design of evaporative cooling technology by enhancing
the evaporation rates in droplets through manipulation of the
transport of energy to the interface.

The geometry of the sessile droplet is of critical importance
for experiments performed to understand and quantify the
evaporation behavior and the contribution from different
energy transport modes. Experimental data from spherical caps
is complicated to decipher because of the complex boundary
conditions and lack of a convenient coordinate system, but
experimental data for a spherical droplet can be analyzed in
a straightforward manner using spherical coordinates and the
corresponding boundary conditions [32,33] to calculate the
energy transport by different modes. Another advantage of
the spherical droplet shape is that temperature measurements
can be taken that are directly normal to the interface (along
the radial direction), which avoids any complex coordinate
manipulation of the data and provides an accurate way to
calculate the contributions from the energy transport modes.
Many of the previous studies have worked with spherical
caps [14,20–22,30,34,35] or with drying droplets that are
depleted as they evaporate and thus experience a drastic change
in shape [8,10,14,26,31,34,35]. An experimental study with a
spherical droplet shape that is continuously fed to maintain the
shape greatly simplifies both the analysis of the evaporation

behavior and the calculations required to determine the
contribution of the different modes of energy transport.

In this study, we address the questions that arise from the
literature with an experimental investigation into the evapo-
ration behavior of a continuously fed spherical sessile water
droplet in the regime that evaporative cooling technology, and
a number of other applications, operate in. The experiments
were undertaken at atmospheric pressure and the substrate and
ambient temperatures were selected according to the operating
temperature of evaporative cooling applications, with substrate
temperatures of 30–74 ◦C, and ambient temperatures of 30–
40 ◦C. We investigated the contribution of thermal conduction
through the vapor and liquid phases to the total interfacial
energy transport, determined the evaporation flux distribution
associated with thermal conduction, and predicted the ther-
mocapillary flow consistent with our measured temperature
profiles. Understanding these topics will help to enable control
and enhancement of evaporation rates in the regime relevant
to applications such as evaporative cooling systems and
ultimately lead to improved performance and better designs.

II. EXPERIMENTAL APPARATUS AND METHODS

To investigate the evaporation flux distributions and modes
of energy transport we required an experimental apparatus
capable of precise temperature measurements at different
locations both inside and surrounding the droplet, precise
measurement of the evaporation rate of the droplet, and control
of the substrate and surrounding temperatures.

A. Experimental apparatus

The experimental apparatus shown in Fig. 1 consists
of the water feed system for continuous evaporation,

FIG. 1. Experimental setup: (1) syringe pump, (2) circulation
bath, (3) digital camera, (4) droplet on the substrate, (5) light
source, (6) manipulator, (7) microthermocouple, (8) thermocouple for
ambient temperature, (9) heat lamp, (10) temperature controller, (11)
computer with a monitor displaying the droplet, (12) data acquisition
device, (13) enclosure, and (14) optical table.
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FIG. 2. Schematic of the spherical evaporating droplet displaying
the temperature measurement positions in the liquid (shown at φ = 0◦

only) and vapor phases (shown at φ = 30◦ only) for different angular
positions along the direction normal to the interface.

temperature-controlled substrate and enclosure, thermocouple
positioning system, data acquisition, camera for interfacial
visualization, and computer. The temperature control of the
substrate was accomplished by flowing water through the
substrate from a heated bath (AD7LHT, VWR). The water
feed system was driven by a syringe pump (Pump 11 Elite,
Harvard Apparatus), which enabled precise control of the
flow rate. The syringe pump fed the distilled water to a
reservoir in the copper base with a diameter of 3.2 mm
and from there water was fed to the bottom of the droplet
through a 0.35 mm diameter hole bored through the copper
substrate as shown in Fig. 2. As the water flowed through
the heated copper substrate it came to thermal equilibrium
with the substrate before entering into the droplet. An acrylic
enclosure (60 cm × 45 cm × 45 cm) isolated the experimental
system and allowed for temperature control of the droplet
surroundings using a heat lamp (175W, Philips) connected to a
temperature controller (STC-1000, AGPtek). The temperature
measurements for the droplet were done with a T-type
thermocouple (OMEGA, COCO-001, tolerance ± 0.5 ◦C) with
a 25 μm wire diameter and 50 μm bead diameter, and the
positioning of the bead was accomplished using a seven-axis
manipulator (Scientifica LBM-7 Manual Manipulator). To
visualize the thermocouple positioning, a magnified view of
the droplet was generated on the computer screen using a
digital camera (Nikon D5200 with Nikon Af-s Dx Micro
40mm F2.8G lens). The relative humidity in the enclosure was

measured using a hygrometer (4088 TRACEABLE) and had a
value between 25 and 35% for all experiments. The substrate
temperature was recorded with a surface probe T-type thermo-
couple and the ambient temperature was recorded with a 50 μm
bead T-type thermocouple affixed at a location 3 cm above
the droplet. The temperature measurements were recorded
using a thermocouple data acquisition module (OM-USB-TC,
Omega) with built-in cold junction compensation. All the
thermocouples came with standard calibration performed by
the supplier. The setup was located on an optical table with an
antivibration frame (NEXUS, ThorLabs).

B. Continuously fed spherical droplet

Maintaining a spherical shape for the evaporating droplet
is important to simplify the analysis of the experimental data,
facilitate calculations of the energy transport and evaporation
rates, and enable measurements normal to the interface, as
noted above in the introduction. The surface of the copper
substrate is hydrophilic, therefore, in order to maintain a
spherical droplet on the surface, we machined a circular
channel groove around the droplet edge (inner diameter 5 mm,
outer diameter 10 mm, and depth 2 mm) to maintain a spherical
droplet of 5 mm diameter as shown in Fig. 2. The edge of the
droplet was restricted by the groove and the syringe pump
flow rate was adjusted while using the magnified image of
the droplet on the computer screen as a visual aid, to yield a
spherical droplet with a contact angle of 90◦. To maintain a
steady shape of the droplet, the droplet was continuously fed
from the syringe pump to replenish the amount of water that
evaporated with time. The droplet shape was continuously
monitored on the computer screen to avoid variation in the
contact angle and height. We recorded the flow rate of the fluid
required to maintain a steady droplet shape, which corresponds
to the evaporation rate of the droplet.

C. Liquid and vapor phase temperature measurements normal
to the interface

The temperature profiles of the liquid and the vapor phases
normal to the droplet interface provide information about the
thermal energy that is transported to the interface for the
phase change process. The temperatures were measured in
the liquid and vapor phases along the radial direction of the
droplet, which is perpendicular to the interface for spherical
droplets, for a number of different polar angles, φ, as shown
in Fig. 2(a). In the liquid phase, for each value of the polar
angle, temperatures were measured at seven different locations
along the radial direction with a spacing of 0.25 mm, for
a total distance from the interface of 1.5 mm. In the vapor
phase, at each value of the polar angle, temperatures were
measured at seven different locations with a spacing of 0.5 mm,
covering a total distance of 3.0 mm from the interface. To
measure the temperature of the liquid, the thermocouple was
first positioned inside the liquid with its center a distance
of 50 μm away from the interface using visual confirmation
based on the magnified view of the droplet interface provided
by the camera and displayed on the computer screen. With the
thermocouple located this distance away from the interface
there was no deformation of the interface observed. To measure
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the temperature of the vapor, the thermocouple was first
positioned with its center a distance of 100 μm away from
the interface using the same technique. The temperature
measurements were then taken at each of the increments as
the thermocouple was precisely moved away from the first
position by rotating the dial of the manipulator by a set amount
each time. This method allowed for precise positioning of the
temperature measurements relative to the interface location.
We note that the Knudsen layer of our evaporating droplet
was calculated to be approximately 0.14 μm in thickness;
therefore, it was not possible to directly measure a precise value
of the temperature at the interface with a thermocouple bead
that was 50 μm in diameter. Before taking the temperature
reading at a each position, sufficient time was given to achieve
thermal equilibrium of the system, which was monitored on the
computer screen. For each measurement point 60 temperature
measurements were recorded in a minute under steady-state
conditions, then the average of these measurements was taken
as the temperature at that particular point.

III. RESULTS AND DISCUSSION

A. Energy transported by thermal conduction through the
liquid and vapor phases

The amount of energy transported to the interface by
thermal conduction was calculated from the derivatives of
the temperature profiles at the location of the interface for
three sets of the experiments. Experiments were performed
for three different sets of conditions where substrate and
ambient temperatures were selected according to practical
evaporative cooling conditions. The first case had a heated
substrate maintained at a temperature of 58 ◦C with an
ambient temperature of 30 ◦C, which we henceforth refer
to as S58A30. The second case had a heated substrate also
maintained at 58 ◦C but with a warmer ambient condition
of 40 ◦C (S58A40). The third case had a cooled substrate
maintained at a temperature of 30 ◦C with a warmer ambient
temperature of 40 ◦C (S30A40). These three cases enabled us
to analyze the influence of heated substrates versus cooled
substrates, and the influence of the ambient temperature
change. The measurements were performed at six different
angular positions at polar angles of φ = 0◦, 30◦, 45◦, 60◦, 70◦,
and 80◦, as shown in Fig. 2(a).

We measured the temperature profile normal to the interface
in both liquid and vapor phases and generated a fit according
to the energy balance considering thermal conduction in a
spherical droplet. The energy balance considering only thermal
conduction is represented by Laplace’s equation. In spherical
coordinates we keep the first three terms from the solution to
Laplace’s equation with boundary conditions associated with
the liquid phase and the result is as follows,

TL = A0 + A1r + A2r
2, (1)

where TL is the liquid phase temperature, r is the radial
position, and A0, A1, and A2 are the constants. For the vapor
phase we keep the first two terms from the solution to Laplace’s
equation with appropriate boundary conditions and the
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FIG. 3. A sample temperature profile for the liquid and vapor
phases at the angular position of φ = 30◦ for the case S58A30.
Experimentally measured values are shown as the circle and triangle
points and the fits are shown as the solid and dashed lines for the
liquid and vapor phases, respectively.

result is,

TV = A0 + B0

r
, (2)

where TV is the vapor phase temperature, and A0 and B0

are the constants. It was found that the higher-order terms
did not contribute to the fits for our measured temperature
profiles, therefore we considered only the terms shown above.
A sample plot of the temperature profiles of the vapor and
the liquid phases is shown in Fig. 3 for the S58A30 case
at the polar angle φ = 30◦ to illustrate the precision of
the fit for our measured values. In the vapor phase, the
statistical variation was larger than the physical error of the
thermocouple (±0.5 ◦C), therefore one standard deviation
(±σ ) of 60 measurements at each position over 60 seconds
was used as the error bar. In the liquid phase the physical error
was dominant, so the error bars are the thermocouple tolerance
from the manufacturer (±0.5 ◦C). Temperature profiles were
generated for each of the polar angles in each of the three
cases.

The thermal conduction flux through the liquid phase is
given by

−kL

(
∂TL

∂r

)
r=ri

, (3)

and the thermal conduction flux through the vapor phase is
given by

kV

(
∂TV

∂r

)
r=ri

, (4)

where kL and kV are the thermal conductivities of the liquid
and vapor phases, respectively. Figure 4 shows the contribution
of the thermal conduction through the vapor and liquid phases
at the interface for different angular positions of the droplet
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FIG. 4. Energy transported to the interface by thermal conduction
through the liquid and vapor phases along the droplet surface for case
S58A30.

for the S58A30 case. The plot of thermal conduction through
the liquid phase shows that the flux of energy conducted to
the interface from the liquid phase does not follow a uniform
increasing or decreasing trend from the droplet apex to the edge
of the droplet. There is a noticeable decrease in the thermal
conduction through the liquid phase at approximately φ =
70◦ and an increase from this angle towards the three-phase
contact line. The plot of thermal conduction through the vapor
phase shows that from φ = 0◦ to φ = 70◦, the contribution
is a negative value, which indicates that energy is transported
away from the interface in this region, and between φ = 70◦
and φ = 90◦, the value is positive, so energy is transported
to the interface in this region. However, the rate of thermal
conduction through the vapor phase, whether a negative or
positive contribution, was negligible compared to the rate of
energy conducted through the liquid phase. The results for
the other two cases were similar, with negligible contributions
through the vapor phase. This finding indicates that the thermal
conduction through the vapor phase is negligible compared
to the thermal conduction through the liquid phase for the
practical operating conditions we investigated here, related to
evaporative cooling systems.

B. Evaporation flux distribution associated
with thermal conduction

Since analysis of our experimental data demonstrated that
the thermal conduction through the vapor phase is insignificant
compared to the contribution through the liquid phase, we
performed three different sets of experiments where we
measured only the temperature profiles of the liquid phase.
Due to the finite amount of fluid contained in the syringe that
feeds the droplet, and the time required to reach equilibrium,
we were only able to measure the temperature at a fixed number
of locations during each experiment. By measuring only in the
liquid phase we were able to measure at five additional angular
positions to generate a more precise profile of the evaporation
flux distributions associated with the thermal conduction. The
temperature profiles of the liquid phase were measured for

11 different angular positions (φ = 0◦, 15◦, 30◦, 40◦, 50◦,
60◦, 65◦, 70◦, 75◦, 80◦, and 85◦) from the apex to the edge
of the droplet. The cases investigated here involved three
substrate temperatures while the ambient temperature was kept
consistent: (i) substrate at 74 ◦C and ambient at 30 ◦C, S74A30,
(ii) substrate at 58 ◦C and ambient at 30 ◦C, S58A30, and (iii)
substrate at 39 ◦C and ambient at 30 ◦C, S39A30. Experiments
at each set of conditions were repeated three times to ensure
consistency of the experimental results.

The local evaporation flux associated with the thermal
conduction, j (φ), was calculated at each value of the polar
angle for each of the three cases using the following energy
balance: (

−kL

∂TL

∂r

)
r=ri

= j (φ)�hvap, (5)

where �hvap is the enthalpy of vaporization at the interfacial
liquid phase temperature. The temperature gradient of the
liquid phase at the interface was measured from the tempera-
ture profile fits using the same method described above. The
data points of the local evaporation fluxes were fitted with a
third-order polynomial of cos φ:

j (φ) = a + b cos φ + c cos2 φ + d cos3 φ, (6)

where a, b, c, and d are empirically determined constants.
Figure 5 shows the local evaporation flux distributions asso-
ciated with the thermal conduction, j (φ), for the three sets of
experiments. Since we repeated each experiment three times,
we plotted the mean values from the measurements as the
points, with the error bars showing one standard deviation. For
case S74A30, j (φ) is a maximum at the edge of the droplet
and is also relatively high at the apex. Unlike S74A30, for
case S58A30 the maximum value of j (φ) is at the apex of the
droplet. Interestingly, in both cases there is a minimum value
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FIG. 5. Distribution of the local evaporation flux associated with
thermal conduction for all three experimental conditions: S74A30,
S58A30, and S39A30. The points are the calculated values of evap-
oration flux associated with thermal conduction and corresponding
lines are the fits. The constant evaporation flux predictions, j0, are
plotted for each case for comparison.
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of j (φ) between φ = 60◦ and 70◦. In contrast with S74A30
and S58A30, the S39A30 case had a relatively consistent value
for j (φ) along the droplet surface with a slight minimum value
between φ = 40◦ and 50◦.

A commonly cited relation for the evaporation flux distribu-
tion along the interface of drying droplets is that determined by
Hu and Larson [17], where the evaporation flux distribution,
j (x), is given by:

j (x) = j0[1 − (x/R)2]−1/2+θc/π , (7)

where R is the contact line radius, x is the distance from
the center of the droplet, θc is the contact angle, and j0 is a
prefactor. For our spherical droplet the contact angle is π/2
and this equation simplifies to a constant value, j (x) = j0,
which predicts that for a spherical droplet the evaporation
flux has a uniform distribution along the droplet interface. To
compare our evaporation flux distributions with the prediction
of uniform local evaporation flux, we calculated values of
the uniform flux distribution, j0, for all the three cases using
the total evaporation rate measured by the syringe pump and
dividing it by the total surface area of the droplet. The j0

values for each case were plotted in Fig. 5 alongside the
evaporation flux distributions based on the temperature profile
measurements for thermal conduction, j (φ). From the plot we
see that for case S74A30, the thermal conduction evaporation
flux distribution, j (φ), underestimates the evaporation flux
along most of the droplet surface compared to the uniform
flux value, j0, with a matching prediction at the location
of the three-phase contact line. For case S58A30, j (φ)
overestimates the local evaporation flux near the apex and
underestimates near the edge of the droplet as compared to the
constant prediction, j0. For S39A30, the local evaporation flux
associated with thermal conduction slightly underestimates the
local evaporation flux as compared to the constant prediction,
with a slightly smaller discrepancy near the droplet edge.
These results may indicate that the local evaporation flux is
actually different than that predicted using only the thermal
conduction energy balance, and in the regions where the pre-
diction underestimates the value there may be other modes of
energy transport providing the energy required for evaporation.
Another possible explanation for the discrepancy is that the
prediction by Hu and Larson is for slowly evaporating droplets
and they note that for rapidly evaporating droplets temperature
nonuniformities may develop because of latent heat and impact
the local evaporation flux values [17].

C. Contribution of thermal conduction to the total energy
transport required for evaporation

Our analysis of the evaporation flux distribution associated
with conduction was used to calculate whether or not the
energy transported to the interface by thermal conduction was
sufficient for the measured evaporation rates, or if there were
additional energy transport modes providing energy to the
interface. The total evaporation rate from the droplet associated
with the thermal conduction, J , was calculated by integrating
the local conductive evaporation flux throughout the droplet
surface:

J =
∫ 2π

0

∫ π
2

0
j (φ)r2

i sin φ dφdθ. (8)

The conductive evaporation rates obtained from the integra-
tion, J , were compared with the actual measured evaporation
rates from the syringe pump to determine the contribution
of the conduction energy transport to the total evaporation
rate. The measured evaporation rates for S74A30, S58A30,
and S39A30 were 10.20 ± 0.7 μL/min, 4.77 ± 0.1 μL/min,
and 1.48 ± 0.1 μL/min, respectively. The calculated values of
conduction evaporation rates were 6.57 ± 0.7 μL/min, 3.69 ±
0.2 μL/min, and 1.15 ± 0.17 μL/min, respectively. These
values are mean values from three sets of experiments with
one standard deviation listed as the ± value. The percentage
of the contributions from conduction energy transport were
64 ± 3%, 77 ± 3%, and 77 ± 4%, respectively. These results
show that for these three cases the energy provided by thermal
conduction provides a majority of the energy required for
evaporation; however, not all of the energy is accounted for,
so other modes of energy transport may also contribute, such
as thermocapillary convection.

D. Analysis of thermocapillary flow

To assess if thermocapillary flow was present and possibly
contributing to the energy transported to the interface, we
analyzed the temperature profiles along the droplet surface
that were measured during the experiments. The direction of
flow in convection cells induced by thermocapillary flow is
governed by the changes in the surface tension forces caused
by the gradient in the temperature distribution along the surface
of the droplet, (

∂TL

∂φ

)
r=ri

. (9)

Buoyancy-driven convection will also be present in our
droplets for situations where the top of the droplet (at the
apex) is colder than the bottom (near the substrate). We
used the temperature profiles along the droplet surface to
generate qualitative predictions of the bulk flow profiles within
the droplet. Temperature profiles along the droplet surface
were generated using the measured values of the interfacial
liquid phase temperatures at eleven different positions (φ = 0◦,
15◦, 30◦, 40◦, 50◦, 60◦, 65◦, 70◦, 75◦, 80◦, and 85◦) and
one additional measurement where the thermocouple was
placed as close to the substrate as possible, approximately one
bead diameter from the three-phase contact line to provide a
value of the substrate temperature (considered as the φ = 90◦
temperature value). These twelve temperature values were
fitted to a third-order polynomial of cos φ [as listed in Eq. (6)].

Figure 6 shows the distribution of the interfacial liquid
phase temperature along the droplet surface for case S74A30.
In this plot, the droplet surface temperature was a minimum at
approximately φTmin = 68◦ and both the apex and three-phase
contact line were substantially warmer. Surface tension forces
cause convection cells to flow from locations with higher
temperatures towards locations with lower temperatures;
therefore, the minimum temperature measured at φTmin = 68◦
indicates that there were two thermocapillary convection cells
directed opposite to each other as shown in the inset of Fig. 6.
Since there was a drop in temperature at φTmin = 68◦, the fluid
above this point was stably stratified along the interface and
we only expect a contribution from buoyancy forces below
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FIG. 6. The temperature distribution over the droplet surface for
case S74A30. The corresponding flow pattern associated with the
temperature distribution is shown in the inset. The points are the
experimentally measured temperature values and the solid lines are
the fits.

this point. As shown in the flow patterns of the inset of
Fig. 6 the thermocapillary flow from the three-phase contact
line is expected to be dominant along the interface, and we
expect that buoyancy forces will cause the fluid to flow down
towards the substrate at φTmin = 68◦. For case S58A30, a
similar temperature profile and thermocapillary flows were
predicted, as shown in Fig. 7 where a minimum value for the
surface temperature occurred at approximately φTmin = 63◦.
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FIG. 7. The temperature distribution over the droplet surface for
case S58A30. The corresponding flow pattern associated with the
temperature distribution is shown in the inset. The points are the
experimentally measured temperature values and the solid lines are
the fits.
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FIG. 8. The temperature distribution over the droplet surface for
the S39A30. The corresponding flow pattern associated with the
temperature distribution is shown in the inset. The points are the
experimentally measured temperature values and the solid lines are
the fits.

To understand if the thermocapillary flow may be contribut-
ing to the energy transport we correlate the previous results for
the evaporation flux distributions, plotted in Fig. 5, with the
predicted thermocapillary flow patterns in Figs. 6 and 7. For
case S74A30 and S58A30 the evaporation flux distributions
associated with the energy transported by thermal conduction
alone seem to underestimate the evaporation fluxes in the
region from φ = 60◦–70◦. This corresponds to the location
where we predict the two convection cells meet and are
directed towards the interior of the droplet. This location could
therefore experience a substantial amount of energy transport
from the convection along the interface and would explain
why the prediction from thermal conduction underestimates
the value of the evaporation flux.

In contrast with the cases when the substrate was heated to
a greater temperature (S74A30 and S58A30), case S39A30
provided a different temperature profile along the droplet
surface, with the apex of the droplet as the coldest region
and the temperature increasing to the edge of the droplet.
This profile predicts only one convection cell induced by
thermocapillary flow in the droplet, as shown in the inset
of Fig. 8. A colder apex temperature and warmer edge
temperature also indicate that buoyancy forces will act in
the opposite direction to the thermocapillary flow along the
interface and possibly reduce the flow velocity. Buoyancy
forces will also cause the fluid at the colder apex point to
flow downwards along the droplet centreline towards the
substrate, which would enhance the flow of the convection
cell. Comparing this flow pattern with the evaporation flux
distribution in Fig. 5 for case S39A30 reveals that there is a
relatively consistent evaporation flux along the surface with a
small decrease in the values in some locations closer to the
apex but without the substantial local decrease as seen for
cases S74A30 and S58A30 where two convection cells were
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predicted. This behavior would be expected if thermocapillary
flow was contributing to the energy transport since the flow
would enhance the transport from the three-phase contact line
towards the apex, and the locations where the conduction
seems to be insufficient are near the apex region, as seen in
Fig. 5. These findings indicate that heating the substrate to
higher temperatures increases the likelihood of the presence
of more than one convection cell in the droplet, and the results
are consistent with thermocapillary flow contributing to the
energy transport.

IV. CONCLUSIONS

We experimentally investigated local evaporation flux
distributions and the contribution of different modes of
interfacial energy transport for continuously fed evaporating
spherical sessile water droplets in the regime relevant for
applications, particularly for evaporative cooling applications.
The contribution of the thermal conduction through the
vapor phase was found to be insignificant compared to the
thermal conduction through the liquid phase for the conditions
we investigated. We found that the local evaporation flux
distributions associated with thermal conduction were not
uniform along the surface of the droplet. Thermal conduction
provided a majority of the energy required for our evaporation
rates but did not account for all of the energy transport.
Specifically, with a substrate temperature of 74 ◦C and ambient
of 30 ◦C, the thermal conduction contributed 64 ± 3% of the

energy required. For the same ambient temperature, a substrate
temperature of 58 ◦C resulted in thermal conduction providing
77 ± 3% of the required energy, and a substrate temperature
maintained at 39 ◦C resulted in thermal conduction providing
77 ± 4% of the energy required for evaporation. Based on the
temperature profiles measured along the interface we found
that thermocapillary flow was predicted in our experiments,
with two convection cells predicted for the experiments with
substrate temperatures of 74 ◦C and 58 ◦C and one convection
cell predicted for the experiments with a substrate temperature
of 39 ◦C. Thus, the experimental data showed that heating the
substrate to higher temperatures increases the likelihood of
the presence of more than one convection cell in the droplet.
Qualitative analysis of the thermocapillary flow patterns
revealed that thermocapillary flow could contribute to the
energy transport, since at the locations where two convection
cells met, and would provide substantial energy transport to
the interface, the thermal conduction was found to have a
correspondingly lower contribution. Similarly for the case with
one convection cell predicted, the thermocapillary convection
would provide more energy transport near the apex, and the
contribution from the thermal conduction was also found to
decline near the apex region.
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